, and 20 677 (4.5%) of the first cytology results per woman were reported as ASC-US. CIN grade 3 or more severe (CIN3+) lesions were detected in 2.49% of women with HPV testing vs 2.15% of women without HPV testing (P = .23). Time to CIN3+ detection was much shorter in those with HPV testing vs those without testing (median, 103 vs 393 days; P < .001). CIN grade 1 was detected in 11.6% of women with HPV testing vs 6.6% without testing (relative risk, 1.76; 95% CI, 1.56-2.00; P < .001). Loop electrosurgical excision procedure rates within 5 years were 20.0% higher in those who underwent HPV testing, resulting in more CIN2+ and CIN3+ detection.
T here has been much interest in the use of human papillomavirus (HPV) testing to guide the management of women with low-grade cervical cytology test results. Many countries, including the United States, recommended reflex HPV testing after cytology showing atypical squamous cells of undetermined significance (hereafter ASC-US cytology). The American Society for Colposcopy and Cervical Pathology recommended reflex HPV testing for ASC-US cytology in women 25 years and older and repeat cytology for those aged 21 to 24 years.
1 Immediate HPV reflex testing or 12-month repeat cytology was considered acceptable for both age groups. Although widely used for several years in the United States, where the cross-sectional predictive value of a positive HPV test result for cervical intraepithelial neoplasia grade 2 or more severe (CIN2+ or CIN3+) is well established, 1,2 less is known about the longer-term influence of routine HPV triage on disease detection and clinical management. Recently, our group documented the use of HPV testing in New Mexico and its influence on subsequent biopsies and repeat cytology and HPV tests. 3 Briefly, that study found that HPV testing was used for approximately 80% of women aged 30 to 64 years with ASC-US cytology. In contrast, the use of HPV co-testing was still below 20% among women aged 30 to 64 years in 2012 but has recently been rapidly increasing. Human papillomavirus positivity in ASC-US was strongly age dependent, ranging from 72% at age 15 to 20 years to 22% at age 50 to 64 years. Herein, we extend that work by examining the influence of HPV testing for women with ASC-US cytology on the detection of CIN2+ and CIN3+ in the 5 years after HPV testing. The following issues are addressed: (1) the influence of HPV triage on the 5-year rate of high-grade lesions, (2) how HPV testing affects the interval between an ASC-US screening cytology and the detection of histologically confirmed high-grade CIN, and (3) the extent to which HPV leads to overdetection and overtreatment of low-grade lesions destined to regress during the subsequent 5-year period.
Methods

Study Design
The focus of this study was the histologic CIN outcome after an ASC-US cytology screening result during 2008 to 2012 among women aged 21 to 64 years. A screening cytology was defined as a cytology test that was not preceded by another cytology test within 300 days. The New Mexico HPV Pap Registry obtained statewide cervical cytology and HPV testing records from 9 laboratories in New Mexico and 9 out-of-state laboratories between January 1, 2007, and December 31, 2012. Pathology records for biopsy outcomes were obtained for an additional year (through December 31, 2013) to enable a minimum follow-up of 1 year. The dates of the analysis were May 4, 2015, to January 13, 2017. Tests were linked to women using probabilistic matching 4 and augmented with manual reviews when linkage was uncertain. 5 Screening intervals have increased over time and have been detailed previously. 5 Any HPV test for high-risk types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , and 68) within 28 days of a screening cytology test was used to assign HPV test status (positive, negative, or not performed). This test could have been a co-test with cytology as part of primary screening or a reflex test as a result of ASC-US cytology. Almost all HPV testing (95.3%) through 2012 was performed with a modular system (Hybrid Capture 2; Qiagen). Histology results from cervical and endocervical specimens were used to assess the incidence of CIN1, CIN2, and CIN3 after screening. Ongoing evaluations of cervical screening (cytology and HPV testing), diagnosis, and treatment by the New Mexico HPV Pap Registry have been reviewed and approved under exempt status by the University of New Mexico Human Research Review Committee.
Statistical Analysis
Time from the first screening ASC-US cytology to histologically confirmed disease was assessed using (1 minus) KaplanMeier methods to obtain cumulative incidence curves and incidence rate estimates (with 95% CIs) at 1, 3, and 5 years for CIN1, CIN1+, CIN2, CIN2+, and CIN3+ by age and HPV test status (all, HPV tested, HPV not tested, HPV positive, and HPV negative). If more than 1 lesion was detected within 6 months of the initial histologic finding, only the highest-grade lesion was counted, but the date of the first biopsy was used to determine the interval from the first ASC-US screening cytology, whereas if a subsequent higher-grade lesion was found after 6 months, both were counted. CIN1+ and CIN2+ were computed to allow estimates of CIN1 and CIN2 alone without subsequent higher-grade lesions (eg, CIN1 alone is the difference between CIN1+ and CIN2+ and similarly for CIN2 alone). Differences between subgroups (eg, HPV tested vs not tested or HPV positive vs negative) were based on relative risks (RRs) calculated using Kaplan-Meier estimates at years 1 and 5. The 95% CIs and significance levels for RRs were calculated using the delta method and a normal approximation for the logtransformed RR via a software program (R package "epitools"; R Foundation for Statistical Computing). Follow-up for CIN1 was censored after the detection of CIN2+, and follow-up for CIN2 was censored after the detection of CIN3+. Follow-up was also censored after a loop electrosurgical excision procedure (LEEP) or hysterectomy (but not biopsy) and at the end of the study follow-up on January 1, 2014. All statistical tests were computed using software programs (SAS, version 9. 
High-grade Lesions
The 5-year estimated cumulative rate of CIN3 or more severe lesions (adenocarcinoma in situ or cancer) was 2.4% in women with ASC-US screening cytology (in 2.5% of women with HPV testing vs 2.2% of women without HPV testing), indicating that HPV testing led to a 15.8% overall increase in the detection of CIN3+ (RR, 1.16; 95% CI, 0.92-1.45; P = .23). Earlier detection was apparent when HPV testing was used (Table 1 and Figure) , with a median time of 103 vs 393 days (P < .001), and was especially apparent in the first year of follow-up (Table 1, Table 2 , and Figure) , where the difference was 1.49% vs 0.93% (absolute difference, 0.56%) (RR, 1.60; 95% CI, 1.14-2.25; P = .004). However, the absolute and relative differences were smaller by year 5 (absolute difference, 0.34%) (RR, 1.16; 95% CI, 0.92-1.45; P = .23). Therefore, most CIN3+ lesions are persistent and are eventually detected even without HPV triage. As with CIN3+, time to diagnosis of CIN2 was much shorter in women who had an HPV test (median, 91 days in those tested vs 340 days in those not tested; P < .001) (Table 1 and Figure) .
In particular, the rate after 1 year was 3.0% in those with HPV testing vs 1.6% in those without HPV testing (RR, 1.82; 95% CI, 1.41-2.35; P < .001). The major difference was seen within 1 year (6.87% vs 0.05%) (absolute difference, 6.82%) (RR, 128.52; 95% CI, 53.58-308.28; P < .001), but the absolute detection rate difference continued to diverge for the whole 5-year period (9.39% vs 0.52%) (absolute difference, 7.87%) (eTable 1 and eFigure 1 in the Supplement).
Slightly larger differences in 5-year detection rates were seen when the analysis was restricted to CIN2, where a 27.3% increase (4.3% of women with HPV testing vs 3.4% of women without HPV testing) in detection was seen in those tested (RR, 1.27; 95% CI, 1.06-1.53; P = .008) ( Tables 1 and 2 , Figure, and eFigure 2 in the Supplement), which led to a relative increase of 21.8% (6.3% of women with HPV testing vs 5.1% of women without HPV testing) for the detection of CIN2+ (RR, 1.22; 95% CI, 1.05-1.41; P = .007) ( Table 2 and eFigure 3 in the Supplement). The detection of CIN3+ and CIN2+ after an ASC-US screening cytology was clearly age dependent, with lower rates observed at older ages both overall and in HPV-positive women (eTable 1, eFigure 3, and eFigure 4 in the Supplement). Differences were also observed between women aged 21 to 24 years and those aged 25 to 29 years (eFigure 5 and eFigure 6 in the Supplement).
Among women with HPV testing, the cases of CIN2 and CIN3+ disease diagnosed within 5 years were almost exclusively in HPV-positive women. The RRs were always above 10 except for CIN3+ in women aged 50 to 64 years, where it was 7.64 (eTable 2 and eFigure 4 in the Supplement).
CIN1
CIN1 was detected within the subsequent 5 years in 11.6% of women with HPV testing and 6.6% of women without HPV testing, leading to a 76.2% increase in CIN1 detection (RR, 1.76; 95% CI, 1.56-2.00; P < .001) (Figure, Tables 1 and 2 , and eFigure 1 in the Supplement). As summarized in Table 2 , the increase was similar across age groups (P = .32). In those tested for HPV, CIN1 was much more common in women who were HPV positive (24.3% vs 2.7% after 5 years) (RR, 9.11; 95% CI, 8.01-10.36; P < .001) and was detected earlier (19.8% vs 0.8% after 1 year) (RR, 23.52; 95% CI, ; P < .001), with a median time to detection of 61 vs 582 days (P < .001). The relative difference between HPV positive vs negative after 5 years was slightly smaller in women aged 21 to 29 years (RR, 6.54; 95% CI, 5.31-8.04; P < .001) but increased with age, and a test for trend was statistically significant (P = .002) (eTable 1 in the Supplement).
LEEP and Biopsy Rates
Five-year LEEP rates ranged from 76.6% for CIN3+ to 10.2% for CIN1 (Table 3) . Five-year LEEP rates for CIN1 and CIN2 were lower in those who had HPV testing and similar for CIN3+, but the overall rate after 5 years was 20.0% higher in those who had HPV testing (4.9% of women with HPV testing vs 4.0% of women without HPV testing, P = .03) because more disease was found. Women who only had CIN1 that was not followed by a higher-grade lesion had lower 5-year LEEP rates than all CIN1 (6.8% vs 10.2%), which was not statistically significantly dif-ferent across HPV groups. Women who were HPV tested had a higher LEEP rate in year 1 (2.9% of women with HPV testing vs 1.5% of women without HPV testing, P < .001) but had slightly lower rates in years 2 through 5 (1.9% of women with HPV testing vs 2.6% of women without HPV testing, P = .01). The difference was primarily due to the higher initial CIN1 rate in those tested for HPV (Table 1) . Much of this increase followed subsequent higher-grade repeat cytology (ie, 6.5% ASC-US only, 9.2% low-grade squamous intraepithelial lesions, 15.7% atypical squamous cells [cannot exclude highgrade squamous intraepithelial lesions], and 37.4% highgrade squamous intraepithelial lesions). LEEP rates in women with CIN1 only over 5 years were not statistically significantly lower in those who were HPV tested vs those who were not tested (6.7% vs 7.6%, P = .70), and most of these cases were in women with more than 1 CIN1 biopsy. The ratio of LEEPs to CIN3+ lesions detected after 5 years was similar and not statistically different between the 2 groups (1.95 for those tested vs 1.88 for those not tested) (Tables 1 and 3 ). LEEP rates were lower for each histologic grade of disease in younger women compared with older women but were higher overall (5-year estimated rate, 5.7% in women aged 21-29 years vs 4.0% in women aged 30-64 years) due to more disease in younger women (eTable 3 in the Supplement).
The proportion of women with 1 or more procedures, including a biopsy or an endocervical curettage (excluding LEEP), was also higher for those with HPV testing. The estimated proportion with 1 or more biopsies in the subsequent 5 years was 32.1% vs 20.6% (P < .001) for those without testing (a 55.8% increase) (eTable 4 in the Supplement). Of women with HPV testing, the estimated biopsy proportions were 59.7% among those who were HPV positive vs 11.2% among those who were a The number of cases of CIN1+ can be less than CIN1 plus CIN2+ because women who are diagnosed as having CIN1 and then CIN2+ more than 6 months later are counted twice; similarly, the number of cases of CIN2+ can be less than CIN2 plus CIN3+ because women who are diagnosed as having CIN2 and then CIN3+ more than 6 months later are counted twice. Subtraction of CIN2+ proportions from CIN1+ proportions gives the proportion with CIN1 and no subsequent higher-grade lesion.
HPV negative (P < .001). These rates were similar across age groups except for lower rates in those aged 50 to 64 years. The extent to which differences in outcomes were related to more follow-up and biopsies in women with HPV testing is summarized in eTable 5 in the Supplement.O f those with HPV testing, an estimated 15.9% had no evidence of any further follow-up after the initial ASC-US screening cytology and HPV test compared with 21.1% of those without HPV testing (P < .001) so that more disease was probably undetected in those without HPV testing, and there was little difference across age groups. Of women with HPV testing, the follow-up rate was strongly influenced by the outcome (10.6% with no follow-up after an HPV-positive result vs 20.0% with no follow-up after an HPV-negative result, P < .001). Because follow-up was more complete for the HPV-tested group, especially for those who were HPV positive with complete follow-up, the true difference in 5-year CIN3+ rates between those tested vs not tested could have been smaller than the 0.34% observed. Therefore, HPV testing leads not only to earlier disease detection but also to more disease CIN3+ detection due at least in part to more complete follow-up of HPV-positive women.
Discussion
This study is the first comprehensive evaluation to date of the influence of HPV testing on the long-term outcome associated with ASC-US cytology. Such analyses are only possible when a system is in place to monitor cervical screening using both cytology and HPV testing with follow-up of histologic outcomes. The New Mexico HPV Pap Registry is the sole statewide program capable of providing this information in the United States. Such surveillance systems are essential if population screening for cervical cancer, as well as other cancers and diseases, is to fulfill its prophecy as a cost-effective approach to disease prevention.
It is clear from this study and elsewhere 6,7 that almost all of the high-grade disease in women with ASC-US cytology is associated with HPV positivity and that HPV testing leads to earlier detection and treatment of disease. Over a 5-year followup, more CIN lesions of all grades are detected if HPV testing is used. The increase was small for CIN3+ and not statistically significant but was statistically significant for CIN2 and CIN1. A higher sensitivity of HPV triage for CIN2+ has also been reported in an overview 8 but did not account for follow-up time.
For CIN1, there is clearly overdiagnosis of lesions destined to regress, and extra repeat cytology, colposcopy, and biopsy occurred in these women in the present study. However, these procedures led to the detection of more high-grade disease, and the ratio of LEEPs to CIN3+ lesions was not increased by HPV testing. Among HPV-tested women, virtually all of these procedures were in HPV-positive women (10.4% vs 0.7%). Newer triage algorithms with greater specificity based on the use of HPV genotype, 9 methylation status, 10,11 and p16 expression 12 may help to minimize these procedures, which is especially important for younger women of childbearing age. An excess of CIN2 and a small increase in CIN3+ were also observed in women with HPV testing, indicating that some highgrade lesions are detected, which may also be likely to regress with this approach. However, some of this excess in detection of high-grade disease may represent undetected disease due to the lower sensitivity of cytology without HPV triage, and these women may still harbor as yet undiagnosed precancerous and invasive lesions.
Limitations
Because the use of HPV testing was not randomized in this observational study, it is possible that women not tested had a different risk of disease or their clinicians used different follow-up strategies after ASC-US. Although we could not detect any secular trend in the use of HPV triage or variation in the age distribution of those tested, it is possible that there are socioeconomic or other relevant differences in aspects of the health care facilities that have not been measured herein. In preliminary geospatial analyses, we have observed that clinics located in rural areas (vs urban) are less likely to use HPV testing, either as a co-test for all or as ASC-US triage. We also found that, even in urban areas, public health clinics and some federally qualified health centers had almost no HPV testing being performed during the study period, suggesting that some women with lower socioeconomic status may not be offered HPV testing, which is an area of ongoing study. However, even if the lack of HPV triage is only a measurable marker for other factors determining detection rates and time to diagnosis, it still provides useful information that can help to improve the management of ASC-US cytology. Nevertheless, the main findings herein of a shorter time to disease detection, a higher detection rate of high-grade and lowgrade lesions, and increased biopsy and LEEP rates in women who are HPV tested appear to be robust. 
Conclusions
Approximately 3.5% of screen-detected cancers are from the initial follow-up of ASC-US cytology. 13 Presently, we do not have data on the influence of HPV triage on this rate, but the similar 5-year detection rates for statistically significant lesions suggest that the effect will be small. While a model-based costeffectiveness analysis has been conducted and suggested that HPV triage is more effective and less costly than repeat cytology or immediate colposcopy, 14 a full economic evaluation of the costs and benefits of HPV triage based on a large cohort is desirable. The present study also highlights the enormous predictive value of HPV testing for women with ASC-US cytology because virtually all high-grade disease occurred in the 43.1% of women who were HPV positive, which allows colposcopy and related resources to be focused on women who need them most. 
